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Abstract

On 7 October 2025, the Royal Swedish Academy of Sciences announced the award
of the 2025 Nobel Prize in Physics to John Clarke, Michel Devoret, and John Martinis for
their discovery of macroscopic quantum mechanical tunnelling and energy quantisation in an
electric circuit containing a Josephson junction. This article reviews the theoretical
background, beginning with Brian Josephson's 1962 prediction and Anthony Leggett's 1980
proposal on the possibility that a macroscopic quantum state could tunnel through an energy
barrier, before describing the experimental methods and findings at the University of California,
Berkeley, during 1984-1985 that confirmed both the tunnelling phenomenon and the
existence of discrete energy levels in a macroscopic circuit. The article further presents the
fundamental equations of the Josephson junction, analyses the physical mechanisms linking
this discovery to the design of the transmon superconducting qubit, and explains the role
of the dilution refrigerator in maintaining the millikelvin temperatures required to observe
these qguantum phenomena. The review indicates that this discovery constitutes important
empirical evidence that the laws of guantum mechanics can extend from the atomic scale to
human-engineered macroscopic systems, and that it forms a direct foundation for present-
day quantum computing technology.

Keywords: 2025 Nobel Prize in Physics, Josephson junction, macroscopic gquantum tunnelling,
energy quantisation, superconducting qubit, dilution refrigerator, quantum computer
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fiwa wlusd fafingeunda Usened$uea (fed 1963 aunisAnuiann Ecole Nationale
Superieure des Telecommunications wasU3tysytonannuvninendeunia-eesuy wd 1982 annidu
LAuntsunvinisesandunguuesaandniiidndd deundulduma Tusvnguitevesnuiesii CEA-Saclay
udadeluumianendoialud 2002 Yaqtuiduenansdiumiingndoundnedids sunundunsn uay
Fnsesuntsiontndninenmansingeansauasameusuey Google Quantum Al [1,4]

sovu wndfda faluandseiudnied 1958 dufanisAnuiie USynnsuasuSygiendiu
RaAndannuvningndoundvedide 184nad Tugwiivinnisnasesddyt wndudnAnviudygyien Tu
nauitbYesAansn seudreluumninendeuninesifiy gruniunsunsn Unfiudduiddan Google Tud
2014 \eWmu AouRImesAtouil fousrunentuisn Qolab Tud 2022 Fudaqtu waMsy
FuvtisusgsnudmtinfidnomeaTulad [1,4]

Wugrumangud: vsrngnisallawndunaznisnzguiu@enieusussAuumvnin

san51uveNNIsAUNUGeulUTNT 1962 ifelusdu Tawwndu (Brian Josephson) WnRAndwnn
Sanqu vinunedauandnfunvenn (Superconductor) @evduunivussnusulaedausuuneiunans
ARLUOS (Cooper pair) %w‘ﬂu@Lﬁnm@urﬁiﬁ'wqﬂsyﬂTWWﬁTuﬁaﬂﬂéqmm AT NG aurutuls
Tmsimmmmumu Usqngmamu 138N Josephson  effect [6] n%uaiwwrmimammmm@suunu
wam\‘iLWaﬁaaqﬂmﬁvumau @ SEINFIUNENEIRTNAIRN AIuANUFLRUSNSSUA-INE (Current-Phase

relation) maumsw (1)
I= I sin(¢) €Y

Toefl L Aeonszuadngm (Critical current) ¥evqasio gunsalfiusznaumeiuindveinaesdunumisauIu
U 9 139017 Josephson junction Faiuniseiugiunldlurvasaeuduy ununnainlutaqdu e
UM 1

Insulating barrier
(Josephson junction)

Cooper-pair
tunnelling

Superconductor B

Josephson junction: two superconductors separated by a thin insulator

UM 1 Josephson junction USeneUsIesatindNeInaoNTUALAILaUIUUN AAeSaIuIsansgaIuauIuls
pungudvevlaenau [6]

Fast fact:

- &:J%fm']ﬁa: John Clarke, Michel H. Devoret, John M. Martinis

- WANTW: NISAUNUNISNZRRIUIBNATOURNSTAULNIALAENISAY9U INFWATIILTUINAS TWRAN
- UsgniAawa: 7 manau 2025 Tny Royal Swedish Academy of Sciences

- yamsda: 11 dulasuaiiau (57 1.2 drumeaansansds) wuawinduanuau

- WSweusTa: 10 SunnAu 2025 W ngvanenlgan alau
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quantized
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UM 2 wuuIIaevANguUY “nsemIUgnAn” (Washboard potential) 9oy Josephson junction Widinssua Wi
[nasu uaavanIusnuiades n1snsssusenInssaunawIuiluneidovdielnnoululasiow @DO) uagnIsng
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Anaados q anugwdwu dgavevdinssanfuaniuzaeuduszduavann ndife A Awed
tfudu q A lutangnesuiedaeileddupfufsatuimue

¥ 1980 woulnil 1@nunmA (Anthony Leggett) UnWAndun129vnqu-0lusiu LauouulAnin
anugivaAndeutinsazaInge “nearuiunandeny’ Tfguivitueyniaiion [6] wnaiunsn
Fausangnisaifilfaseluiownaey Aasdundngiudn narandmeusuldldiuinguuinivgsesui
vowiuLaziudevvasls luldudeuniayagiu

A8n1snmnevuazNanISAUNUTLTSNAYS

AuNIsLASausn q tunisdanausingnisaliifedulud 1981 iereaduasiauisnseu

nangiutlevsiuvesnisnsannu 1@vmeudulu Josephson junction wunalulasiums winanIsnaaes
geldaunsonenuesnayevdyyiusuniuannieueneanainlsingnisalareusuldedvauysal [7]
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founludiat 1984-1985 Auundnenduupdwesiids 193088 Aansn wlnsd @wausiuldudndsondy

a

Usoyeyien) uazunsitla (dnAnwiuSaysynien) TﬁaanLLuumammae\iﬁmuamﬁzytyﬁmsumuaa’wtﬁﬁmam
Lﬁeﬁummé’ngﬁuﬁuu%’mm Macroscopic quantum tunnelling (MQT) uurAnAsonisuasunsgualwiln
nanuansie Tagludanuduniuuasluduseiulnfannaden fudu “anusfuadios” (Metastable
state) wnszuufuaniug AreuFuLMNIAITY szuumsTlentangarauiunandsny senannaniud
Fundensniaglisevendondeauninudou m"twmmmmuiwmmnmemumem\iauwau [2]

Snsantsnganudiuwsndsnuidodidyfdeidogungivesssuudindtguundaninida
AMOURAN-AITUSOU (Quantum-to-thermal crossover temperature) T* %queumv%uﬂmﬂsvuﬂm
kBT* ~ hwp sAndnguugdil nalnnisnzannudvaieusiuazaseudnnienaln nsnselandnudiung
AREWANNTUAINUSOU (Thermal activation) [2]

fuifetnaAnszualniadsivin iifausedulninduannnisingvanends ieangungives
gUnsniay Anssuadstifiugusufiannnld Tudnasduusingnisalmeusuvielufinoy wideidu
anuifulann: ved MQT Ae legaumgdsunnifuiiay Anssuandendulududugungisnselu uay
denndevetvAtuaivinuiglimiangus Tnelugesusunisfimesin o %qﬁq%ﬁfﬂmsmqmulﬁmm
nalnaeududan q Tuldwdwnuaiudeu [2] uenaniauedifodesieaunanisnaaesdnyaniai
wansiiiudnaniuzmeufuunniaiidssfundeanuiiluseides (Quantized energy levels) wausesu
Fouruey vl Josephson junction vinvinfiadiou “esmeuiiion” sutauuniIARTlATIAESINWEIIL
AonAAONTUNISATUIUBINAMaRSAeURY [3]

wanssnusawmaluladnounlmesAIa Uy

wmatianisAruANdyyIusuniuiwmudulunisneasvasei wuindupuaudiinisidussuu

o w

Aroufuatyszau anateidusingiuddyveunaluladroufiomesaiousuidanidiydilgagasman

b3
a

gvwanlutaqiu (snwasBundsidndvevAadnnanafivluidesely) [4,8] vsdnmaluladauin 1Qu
Google kag IBM saufivui¥namisnonsnuluuin arulduannis Josephson junction wae
Superconducting qubit Mg ngruannisAunuilduwnundnlunisadiwafesussunananiousuy [8]
fagUil 3

1962 1984-85 2025
Josephson predicts Clarke, Devoret, Martinis Nobel Prize
Cooper-pair tunnelling observe MQT at UC Berkeley in Physics

£ 9

1980 2014+
Leggett proposes macroscopic Superconducting qubits
quantum tunnelling (MQT) power quantum computers

]
=

UM 3 1dwardAty mnisviuneveNlaeWaulull 1962 gyvialuvaidndl 2026 [1,2,6,6]
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Toala 03n¥ou (Olle Eriksson) uvivuvninendegUyea Usssnumusnssunisluluaauand
nanadn lufiimeluladdnai taludaqiuiildldiswinamandmoudu” susiiinesiu Toduddu
(Géran Johansson) annumiAngnduimalulabynaiweda o8uigdntindserivauld “Unnsnzguiuids
Aeusiuainlanaania Fuungdusningeean” vinldinfandanunsoAnuiusingnisal meuduuaadie
pouRunedaeudulaluiian [1] aoviu Aandn tevweududn “WugiuvevneuRamesArouFLiLoNAY

nisAunuYeuisney luteslasfiiAud” [1,8]

gutlasaounnivaadn: aanqaselasWduginalousu

vialadadydenTevnnsAununieildndiugiutidnfumaluladrouRunedrousiy Aonmuaudh
1311391du  (Nonlinearity) 84 Josephson junction 218as LC Sﬁzﬁmmﬁﬂ%n@uﬁwﬁmﬁuﬂﬁmLLasfé'h
wilgatndaduasissfundsurinarinduluvesadaiainedenduedn (Harmonic oscillator) 34181u
AaOm (Qubit 118 msngluanunsonseduianizasssefuananlagldsuniuseduiigendn usifounud
Fawndlentngng Josephson junction aiwatindwnu cos(e) lWiBady seFUNSNIULONINATaZVinNiy
ldwindu (Anharmonic) vinllianunsaidonnsefuRnizaoNssauaan |0) uag |1) Wivinntinnduandn
18 [9,10]

wuUInaeNf g iunndvansiia inFe Transmon Feosunudny wedalnidou seaunisi (4)

A = 4E 2 — E cos(®) (4)

ToeR £ AowawuUsey (Charging energy) wevdniiulsyy A Aefedunisinuauggiles (Cooper-
pair number operator) Waz £ mewasuulalgwdu (Josephson energy) [9] Lﬁ@@@ﬂLLUU’Nﬂﬂﬁ@gjﬁiu
gau /B > 1 fwiundngnu Transmon arnudasfnuazainuldidusnduedin (Anharmonicity) A
Ussunaul@ivaunnsd (5) wag (6)

hwo = V(8EE) — E )

o= w2z — w1 & — K (6)

msa@ﬂLLUUTu&JﬂuﬁszhsJammquiwa\iﬁaﬁmﬁiaﬁgyzyﬂmsumumm%awLms (Charge noise) 16
ogaunn Fuipsiduunasainulisiedoveana (Decoherence) fidnAnylufatngausn 9 [0] Ardmauuy
Transmon uAagsmdudeuseduislaiwmneslulasian (Readout resonator) ieldenuAtaniusinglyl
sunauaniusareusuuInfivly walinnisindyyrugeulnylulidyyiusuniuainniguenyinany
annugAouRy Sumuituaduusn Tunisveaes MQT U 1985 [2,3] Audusingulnunswennaia
nnserumAnluneniamesareusudaqtu [10]

3

sguuvinAuiuseauliadinadu: Adulaean

£

AuauURENAt0uRALYeN Josephson junction ludnazsidunisnzawiwdemreudussavunnialu
nsneaend 1985 wdenisvinvnurevAatnlutaqiu asusingliiiufideiegungvevssuusiuin
wofl WiswIuALEoU KBT aztiouningevdnandunuszninesefundsenu hew0l vosszuuogienn
fagifunuiunaunianudeussnsedu Wssuungreenannaniugiulasyinanewg inssuiBeniousud
HounisAnun [10] dewntl ensnaaevafuiiddndduasnouianesmousiuaioniiesosendy
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Aiudeany (Dilution refrigerator) Fudugunsaludaifenfiarunsadnungungiseiiesluszdu 10-15
fiafpadu (mK) nieUssunn -273.14 ovanwadedls

nannIsviuenAyAuaNURniAYYeNdidan-3 (He-3) ileonaududiduu-4 (He-4) Ngunglnn

9
|

n1UsELNl 0.87 1A YovnauazLgneantduageuna Aeowaldudunid He-3 Judiulvial uasiwa

5
¥

Roa97iT He-3 asarvoyluveaivian He-4 ifevuiulriosnou He-3 pdouanninaidududunnu
youlwnHainginaiioans Tuviesilifundn Mixing chamber nszuaunisiazgaduaudeuludnumns
pdrefunissemy vinliifinnnudusedecldulifguvgisn Sewdndadinaiu [10]
sguurinAnufudewndis ludaguinuseneudlevanstuneuseitestu fuanslusud 4 13y
AnSunadiag (Pulse-tube) aovdufiangruugianntion (Ussnn 300 K) aundoussunns 50 K uay
4 K puddy anntudngrios still figamgivssunu 0.7-1 K Fuduqeiile He-3 Qnguaunauidng
2935 foulvarnuuiudu (Cold plate) AUsEn 50-100 mK Wwazavd Mixing chamber figaungfigou

a

(Base temperature) WWgs 10-16 mK %QLUUﬂﬂVlM@M\?%Uﬂ')UM Mﬁ@[ﬁ]')@iﬂﬁi’]ﬂﬂ@ﬁi’) [10]

Outer vacuum chamber (OVC)

50 K stage
(pulse-tube 1st stage)

He-3 / He-4 mixture circulates continuously
between the still and the mixing chamber
to provide continuous cooling power

Schematic of a dilution refrigerator: successive cooling stages from
room temperature down to the mixing chamber at about 10-15 mK

SUA 4 unuiNgduioan uamsunoun1svinanudusoidonamngungiionaudy Mixing chamber AUseuI0

v
@)

10-16 mK Futiuanfnssduaatn [10]

9
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Fonrsnsu: Taseadransenszvendeusududu q Gnevlusuil 5 Fudfnusangluniweng
pouRmosAOUY (Yuvey IBM nFe Google) Aedifuiieaviies lildspeuiamedmensuniody
Ar0nusiegeln FURITRaSedournieldfisuRiuns gnAnsedousgfivatsaanvesinseadneil
n1elu Mixing chamber Suifiuaniifufian [10,11]

gaumgfiseFuisndudrsiupuandnaosusenis Usenisusn Aeandrurulnneuninudou
(Thermal photon) Tursastiifeuiugue Usznsiiaes Aeanlontaiidaiuodasunniuduiveunin
(Quasiparticle) thva Fuduuvasnnuliseitewouaiiddyluddniundean [10] nalddngidu
Foanudulaseadng Husiuiivesluifuusennluls egifewdaiunisAunusieialuual 2025 uas
AouRInesAreUALIBI Wty ludaqUu

v

Uit 6 giduiFeanaseiildluiovdjuiinisisvateousy uaavusunevuavyunavdounuiusy q muduy

/

wnndeaN 9 [11]

ysanlutuanifealoaiu

nnsfunuresnandn nlusd uasindfda luldifadusdislnaifien usbueguulnavesiniand
Aldgusnetaluvauineuntineassade afwusnded 1973 elusdu Tawndu 185us1eialuiua
anuAAndsauiuale 1ond uaglennd Aoned anuaswdes Ysingnisainisnegunudeaneusiuly
ansfeiinuaziindenn aseiiaesded 2003 ifeueulnd Bninas F§usviasaudyu oifn oud
Tagonl wagdnid fudydn arnnqufnindesinuazvesivaivean [8] nsfisneial 2025 Woulowdy
sangrunquiivaesaseil mendriiiuidunivdudeievresienisidndinindveinnaenniinds
ARISSY NNOUTAIL o dnnsnarevBusu uasdmaTuladiilénuldagelufian
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areusiuganiafulanuuniafiisnuenfiuasiudevidiu Wlgdaaunieiedieiinadnlafu [2,3]
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